Abstract The DC busbar is an important component for the ITER PF converter module to connect the converter and the reactor. This paper analyzes different cross-sections and different thermodynamic properties under natural-cooling and water-cooling conditions, and simulation is carried out by the software of the finite element method (FEM). The result of the analysis shows that the water-cooling method is the better choice for the DC busbar.
Design of a DC Busbar for the ITER PF Converter

Introduction
The DC busbar is an important component for the ITER PF converter module to connect the AC/DC converter and the reactor. The input parameters of the DC busbar for the ITER PF converter module are shown in Table 1 [1] . There are two different cooling methods which can be used in the DC busbar: natural-cooling and water-cooling. For natural-cooling, the current density is very small as the result of busbar temperature limit, but it has the advantage of simple structure. For water-cooling, the current density is larger by applying a forced cooling method, but it has the disadvantage of complex structure. With natural-and water-cooling methods, the DC busbar has different suitable cross-sections and different thermal properties. The temperature of the DC busbar is an important factor to decide the best crosssection under the different cooling methods. This paper first analyzes the best cross-section of the busbar for both cooling methods from theoretical calculation, and then the analysis result is checked by finite element method (FEM). Finally, by comparing the differences between natural-cooling and water-cooling in temperature, cost, installation and so on, the water-cooling method is considered to be the better choice for the DC busbar [2] .
2 Theoretical calculation of DC busbar
Busbar in natural-cooling
When the DC busbar is cooled by natural convection, the cross-section is as shown in Fig. 1 . The busbar is designed as 4 conductors with width of 50 mm and height of 250 mm connected in parallel. The gap between every conductor was set as 50 mm to let the two interior conductors have the same natural convection conditions as the two exterior conductors. At first, from experience, the temperature of the busbar interior was assumed to be T bi =58.8 o C and the temperature of the busbar exterior was assumed to be
a. Heat load The resistance of the DC busbar in natural-cooling
, where l is the length of natural-cooling busbar, S b is the cross-section area of one conductor, ρ is the resistance rate of the aluminium and the value is 2.63×10 −8 Ω·m. Thus the heat load for one conductor of the busbar is
b. Heat loss by natural convection [3, 4] 
The Grashof was calculated by Eq. (2). Here h is the height of busbar in m, ρ d stands for density in kg/m 3 , g for gravity acceleration in m/s 2 , β for cubic expansion coefficient in o C −1 , ∆t for the difference in temperature between busbar and air in o C, µ for the dynamic viscosity in kg/ms.
Nusselt number in this case can be acquired by Eq. (3), where P r is Prandtl [5] .
The coefficient of natural convection can be acquired by Eq. (4), where k is the thermal conductivity in W/m·K. The value of ρ, β, µ, P r, k in Eqs. (2) to (4) are determined by reference temperature. Here they will be decided by the average temperature between the busbar and the environment. When the temperature of the environment is 30 o C, the average temperature between busbar and environment for interior and exterior cases is T mi =44.4 o C and T me =40.9 o C. Using Eqs. (2) to (4), the coefficient of natural convection can be obtained for the interior and exterior conductors. They are α i =3.72 W/m 2 o C and α e =3.46 W/m 2 o C. Under the above analysis the heat loss to the environment by natural convection for the busbar interior and exterior can be obtained by Eq. (5) .
Thus the heat loss in form of natural convection for the busbar interior is P zi =642.9 W and for the busbar exterior is P ze =452.8 W. c. Heat loss by radiation [6] P r = 5.67θa z (
The heat loss by radiation can be acquired by Eq. (6), where θ is the rate of emissivity of the busbar from different location of the busbar [7] . The rate of emissivity of busbar interior θ i =0.29 and the rate of emissivity of busbar exterior θ e =0.59. Thus the heat loss in the form of radiation is P fi =358 W for DC busbar interior and is P fe =544.4 W for busbar exterior.
d. Energy loss rate
The energy loss rate is an important parameter to indicate the error between the energy generated and the heat lost. If it is smaller than the error tolerance 1%, the temperature of the busbar, which had to be assumed before, can meet the requirement, so it is the temperature of the busbar when it works.
From Eq. (7), the energy loss rate η i =0.59% for busbar exterior and η e =0.22% for busbar interior can be obtained. They are both smaller than the error tolerance 1% and meet the requirement, so the temperature T bi and T be assumed before is the temperature of the busbar when it is cooled by natural convection.
2.2 Busbar in water-cooling [8] When the DC busbar is cooled by water, the crosssection is as shown in Fig. 2 . The width of it is 200 mm and the height is 60 mm, the hole for flowing cooling water is in the centre of the busbar cross-section and the diameter of it is 20 mm. At first, the average temperature of the busbar was assumed to be T bw =42.3 o C. a. Heat load
Here a is the width of the busbar and b is the height of the busbar, r is the radius of the hole for cooling water. b. Heat loss by forced convection According to the experience, when the busbar is cooled by water the heat transfer to the environment in the form of natural convection and radiation is so small that it can be neglected. Thus the temperature rise of the cooling water is calculated by Eq. (9).
where ρ is the density of water, c is the specific heat, v is the velocity of cooling water and the value is 1 m/s. When the inlet temperature of cooling water is 31 o C, the outlet temperature of cooling water is T 2 = T 1 + ∆t = 44 o C. Thus the temperature which decides the physics parameter of cooling water in forced convection can be obtained as T f =37.5 o C [9] .
Eq. (10) gets Nusselt [10] for the force convection in the tube, where f = (1.82lgRe − 1.64) −2 , Re is Reynolds. The heat convection coefficient can be calculated by h = N uλ/d and the value is 5446 W/m 2o C. Therefore the heat loss by forced convection can be calculated by Eq. (11)
c. Energy loss rate From the discussion before, the energy loss rate can also be calculated by η=(P f −P gw )/P gw =0.04%, that is less than the temperature tolerance 1%, so the temperature T bw assumed before is appropriate for the busbar in water cooling.
3 Finite element method (FEM) simulation 3.1 Natural-cooling simulation [11] The rated current of the DC busbar is 27.5 kA and the natural convection and radiation was adopted. The temperature distribution of the busbar cross-section can be acquired, as shown in Fig. 3 and Fig. 4 . From the simulation result of busbar interior and exterior, the difference between their max temperature and their min temperature are both 0.1 o C, that is almost the same. The average temperature for busbar interior and exterior is T bif = 60.1 o C and T bef = 53 o C. Fig.3 Cross-sectional temperature distribution for busbar interior Fig.4 Cross-sectional temperature distribution for busbar exterior 3.2 Water-cooling simulation [11, 12] The rated current of the DC busbar is 27.5 kA. In the simulation, the temperature of the cooling water inlet is set as 31 o C, velocity of cooling water is 1 m/s and the heat loss by natural convection and radiation is ignored. Under these parameters, the temperature distribution in the busbar can be obtained from the software Fluent. As the simulation result shows in Fig. 5 and Fig. 6 , the maximum temperature of the busbar is 49.7 o C and the minimum temperature is 33.1 o C. The temperature rise of the cooling water is 13.1 o C. 
Summary of DC busbar design
Comparison between theoretical calculation result and FEM simulation result for two cooling methods is shown in Table 2 . In natural cooling, where the energy loss rate is 0.59% in the theoretical calculation for busbar interior, the error rate between the theoretical calculation result and FEM simulation result is 4.1%. In the case of busbar exterior, where the energy loss rate is 0.22% in the theoretical calculation, the error rate between the theoretical calculation result and FEM simulation result is 5.3%. In the water-cooling method, when the energy loss rate in theoretical calculation is 0.04%, the error rate for the temperature rise of cooling water is 1.1% and that for the average temperature of busbar is 2.6%. The error may be caused by the coupling error between electromagnetic and thermodynamics in software and others. In engineering projects, both of them are allowed and the cross-section is the best choice for the busbar in natural-cooling and watercooling. Table 3 shows the parameters of the DC busbar in two cooling methods, when the best cross-section is selected. From the Table we can get the conclusion that the busbar in water-cooling has the advantage in lower busbar temperature and bigger cross-section utilization ratio. On the other hand, the DC busbar in naturalcooling has 4 conductors parallel with each other, the electromagnetic force between different conductors has to be taken into consideration in installation. In addition, the less weight of busbar per meter helps decrease the cost of the busbar and make its installation easy. Based on the comparison above, the best solution for cooling the DC busbar is water-cooling. Furthermore, the DC busbar in water-cooling should be experimented in the ITER power supply test platform to verify the simulation result. 
